Mitochondria-shaping proteins control the dynamic equilibrium between fusion and fission of the mitochondrial network. Their balance is strictly required to regulate various processes, including the quality of mitochondria, cell metabolism, cell death, proliferation and cell migration. Alterations in these processes are frequently encountered in cancer, during both its onset and later progression, as evidence emerge connecting alterations in mitochondrial dynamics with cancer development. In recent years, novel therapeutic approaches to fight against different human tumors aim at exploiting the immune system's ability to specifically recognize tumor antigens, thus killing malignant cells in a process named immune-surveillance. Interestingly, data are accumulating on the role that mitochondrial dynamics play also for the correct function of both the innate and the adaptive immune system. By this review, we overview how mitochondrial dynamics can affect various processes during cancer development, acting directly on tumor cells or indirectly on cells responsible for tumor aggression and defence.
Introduction
Inside eukaryotic cells, mitochondria exist in a dynamic state, continuously and alternatively undergoing fusion and fission of the network [1] . An interconnected and fused network sustains oxidative phosphorylation (OXPHOS), ATP production, and the mixing of mitochondrial DNA (mtDNA), whilst a partial mitochondria fragmentation tends to isolate damaged portions, thus limiting the stress eventually deriving from a prolonged organelle damage. Fusion of the outer mitochondrial membranes (OMMs) depends mainly on the activity of GTPase Mitofusin proteins (Mfn-1 and -2) [2] [3] [4] . These proteins have broad overlapping roles and are expressed in different tissues, with pleiotropic functions. Mfn-2 for example, besides regulating mitochondrial fusion, also directly affects the expression of OXPHOS complex subunits [5] , including coenzyme-Q [6] , and regulates ERmitochondria contact sites [7] . Fusion of the inner mitochondria membranes (IMMs), instead, is mainly regulated by the dynamin-related GTPase Optic-Athropy-1 (Opa-1) protein [8] , normally present in two forms: Opa-1-L, which promotes fusion of IMM, and Opa-1-S, a soluble form, obtained by Opa-1-L proteolytic cleavage, and unable to mediate fusion [9] . Oligomerization of Opa-1, together with ATP synthase subunits e and g [10] , Mitofilin and possibly every component of the "mitochondrial contact site and cristae organizing system" (MICOS) complex [11] , also regulates the width of cristae junctions, connectionsites between the IMM and the cristae, where OXPHOS complexes and cytocrome-C (cytC) are localized. Thus, Opa-1 controls cytC release from the cristae during apoptosis (see Section 2.1 for details) [12, 13] . Moreover, Opa-1 is a regulator of the mitochondrial quality control. Indeed, reduction in mitochondrial membrane potential (Δy) stimulates an imbalance toward the Opa-1-S isoform, thus inhibiting mitochondrial fusion and allowing damaged mitochondria to be degraded through mitophagy [14] . Fusion of the mitochondrial network is also very important for regulating the mixing of mtDNA among these organelles [15] . In humans, mutations in fusion proteins are associated with neuropathies, such as Charcot-Mary-Tooth type-2A disease [16] and Dominant-Optic-Atrophy [17] . Moreover, MSTO1 has been recently identified as an additional regulator of the mitochondria fusion, the first cytoplasmic player of the fusion machinery found. Interestingly, its mutation is associated with development of myopathy, ataxia and neurodevelopmental impairment in humans [18] .
Mitochondrial fission is important for various cellular processes, such as mitochondrial clearance through mitophagy [19] , ROS production [20] , regulation of cell proliferation [21] [22] [23] and apoptosis [24, 25] . The main protein driving mitochondrial fragmentation is the GTPase Dynamin-Related-Protein-1 (Drp1) [26] . Mechanistically, the endoplasmic reticulum (ER) and actin filaments can generate an initial constriction at OMM [27, 28] , which subsequently allows for Drp1 recruitment and aggregation into oligomeric ring-like structures at the point of future fission events [29] , where it wraps and severs mitochondrial membranes through its GTP hydrolysis [30, 31] . Drp1 is post-transcriptionally regulated by phosphorylation, SUMOylation, ubiquitination, S-nitrosylation and O-GlcNAcylation (see [30] for a review). Genetic ablation of Drp1 is embryonically lethal in mice because of abnormal neuronal development [32] . Drp1 does not act alone, but different "accomplices" assist Drp1-docking at OMMs: Fis1, the role of which is still controversial in mammals [33, 34] ; Mff [35, 36] ; MiD51 and MiD49 [37] . In addition, other "less conventional" proteins can mediate Drp1 recruitment at OMM, and promote mitochondria fission, such as the cytoplasmic kinase leucine-rich-repeat kinase 2 (LRRK2) [38, 39] , the membrane trafficking and apoptosis regulator small Ras family member G-protein Rab32 [40, 41] and the very recently discovered dynamin-2 (Dyn-2) [42] . Moreover, silencing of the MICOS protein Mitofilin induces the formation of giant and enlarged mitochondria by downregulating the expression of several fusion and fission mitochondria-shaping proteins [43] , thus indicating a role for this protein on the correct homeostasis of the mitochondrial morphology.
Mitochondrial dynamics in cancer
Tumoral cells are characterized by the multistep acquisition of a series of specific hallmarks that ultimately lead to malignant transformation [44] . Among them the most represented are resistance to cell death, acquisition of uncontrolled proliferation and replicative immortality, metastatization and increased invasiveness, dysregulated cell metabolism and ROS production, mitochondrial quality control through mitophagy, together with tissue vascularization. In addition, a tumormicroenvironment (TME) that promotes a tumor cell escape from immune-mediated cellular destruction is created. Interestingly, mitochondrial dynamics are clearly implicated in all these hallmarks/ processes, both in physiological conditions and during neoplastic transformation. In the following paragraphs, we will review this dual (patho-)physiological contribution of mitochondrial dynamics for each process. Moreover, since alterations in mitochondrial-shaping proteins are frequently found in different human cancers, we will also discuss their potential targeting for therapeutical purposes.
Mitochondria-shaping proteins in apoptosis
Mitochondria-dependent apoptosis is the main signalling pathway activated when normal cells undergo non-physiological modifications and must be eliminated. In response to cell stress or damage, the activation of pro-apoptotic family members of the Bcl-2 family, such as Bax, Bak, Bad and tBid, on OMMs triggers the release of cytC and other apoptotic factors through increased OMM permeabilization, thus leading to cell death through caspase activation. Fragmentation of the mitochondrial network is often observed during this process, in different cell types (see [24] for a review). During apoptosis, tBid promotes Bak/Bax proteins colocalization with Drp1 on OMM endoplasmic reticulum (ER)-mitochondria contact sites [26, 45, 46] . Then, by interacting with cardiolipin, Drp1 mediates a hemi-fission of the OMM that facilitates tethering and oligomerization of Bax/Bak proteins [47] . This, in turn, mediates cytC release. Interestingly, Drp1 KO MEFs are still able to undergo apoptosis, although at a slower rate [32] , indicating that mitochondrial fragmentation is not absolutely required for apoptosis execution but strongly influences its rate. In addition, while in healthy cells soluble Bax can promote mitochondrial fusion by favouring Mfn-2 complex assembly [48] , membrane-bound Bax can inhibit Mfn-2 activity during apoptosis, thus favouring, instead, Drp1-driven mitochondrial hemi-fission. The prevention of mitochondrial fission has normally an anti-apoptotic effect: Bcl-X L performs part of its anti-apoptotic activity by inhibiting Drp1 [49] , and the down-regulation of pro-fission Mff has a considerable anti-apoptotic effect [36] . However, Mfn-1 KO MEFs are resistant to apoptotic stimuli. This apparent contradiction is due to the consequent hyperfragmented phenotype of mitochondria in these cells, which does not allow Bax accumulation into OMMs because of an incorrect OMM curvature of the hyperfragmented organelles [50] . These data suggest that an optimal OMM curvature, induced by partial hemi-fission more than complete mitochondrial fragmentation, is essential to promote cytC release.
Since it is normally stored in the cristae, cytC is released in the cytosol, through permeabilized OMM, upon a first release from the cristae into the inter-membrane space (IMS). This step is regulated, as mentioned above, by the combined activity of MICOS proteins (see [11] for a review) and the correct composition and balance between Opa-1-L and Opa-1-S hetero-oligomers [12] , which normally act as a cristaejunction cap that, under mechanical/pro-apoptotic stress conditions, is disrupted and allows the apoptotic factors release. Indeed, ectopic expression of stable Opa-1-L oligomers can prevent cytC release from mitochondria downstream of Bax/Bak activation [51] . Similarly, it has been reported that mitochondrial prohibitin promotes Opa-1 cleavage, and the accumulation of cleaved Opa-1-S isoform in prohibitin KO MEFs induces apoptotic cell death, which is specifically due to abnormal cristae morphology [52] .
On the other hand, one of the best-characterized hallmarks of cancer cells is their capability to escape from apoptosis, and several evidence suggest that modulation of mitochondria-shaping protein activity contributes to such phenotype. Pro-oncogenic alterations in MEK/ERK signalling pathway lead to phosphorylation of Mfn-1, increasing its affinity to and sequestering Bax, so preventing apoptosis [53] . In some human colon cancer cell lines, it has been shown that Drp1 favours tumor growth, since its depletion reduces Opa-1-L to Opa-1-S ratio, thereby promoting cytC release from the cristae and apoptosis [54] . By contrast, hypoxic in vitro studies performed in other cell lines from the same tumor highlighted how hypoxic TME can lead to Mfn-1-dependent mitochondria elongation, with consequent increased organelle respiratory capacity and also increased resistance to apoptosis [55] . The resistance to apoptosis upon cisplatin treatment has been associated with i) lung adenocarcinoma patients with an unusual sequestration of Drp1 inside the nucleus (no more available to promote OMM hemifission) [56] , ii) in tongue squamous cell carcinoma (TSCC) with the inhibition of Mff protein translation and mitochondria fission [57] , and iii) apoptosis-resistant neuroblastoma cells with increased Opa-1 levels and fused mitochondria [58] . Further, deletion of the miR494-containing chromosomal fragment frequently occurs in different cancers [59] and, interestingly, restoring miR494 levels in renal carcinoma cells promotes cellular apoptosis in a process requiring Drp1-dependent mitochondrial fragmentation [60, 61] . In addition, anticancer drug treatments have been shown to downregulate the activity of different MICOS proteins, thus affecting the cristae shape and presumably inducing oxidative stress [62, 63] , although the potential involvement of mitochondrial dynamics has been not investigated in these cases. On the contrary, it has been recently demonstrated that during apoptosis the ATP synthase Inhibitory Factor 1 (IF1), which prevents dissipation of ATP levels due to a reversal activity of ATP synthase, is also able to inhibit Oma-1-dependent Opa-1 processing, thus preventing the cristae remodelling and cytocrome-c release [64] . In line with this, IF1 levels correlate with the tumor grade in invasive ductal breast carcinoma, and IF1 KO tumor cells show reduced xenograft tumor growth, suggesting a pro-oncogenic role for IF1 [64] .
Therefore, alteration of mitochondrial dynamics are found in different human cancers and are associated with increased resistance to apoptosis. Nevertheless, in a few cases-mostly regarding Drp1, a Janusfaced behaviour for few mitochondria-shaping proteins is reported but not clearly explained yet.
Mitochondrial dynamics and cell proliferation
Another important feature of cancer cells is their ability to undergo continuous proliferation even in the absence of appropriate stimulations. Deregulation of cell cycle arrest checkpoints allows tumor cells to proliferate indefinitely and to acquire a kind of replicative "immortality". Mitochondrial fission plays an important role during different phases of physiological cell cycle, and its dysregulation in cancer cells can promote tumor proliferation. Indeed, during mitosis, CDK1/cyclinB-mediated Drp1 phosphorylation at Ser616 is essential for the correct progression of cell division, allowing both daughter cells to receive part of the mitochondrial network [23] . In fact, Drp1-KO MEFs show a reduced proliferation rate, due to impairment on mitochondria redistribution [32] . Moreover, Drp1 down-regulation can also lead to increased ROS production during S-phase, a consequent higher levels of DNA damage, and a longer mitosis length due to accumulation of a hyperfused mitochondrial network around the centrosomes, this impairing their normal function [22] .
In the case of neoplastic transformation, large-scale analyses have reported a correlation between Drp1 and cell-cycle genes in 29 different cancer cell types, in which Drp1 positively drives mitotic transition [65] . In addition, Drp1 has been shown to be implicated in the G1-S phase transition in hepatocellular carcinoma (HCC) cells, where increased Drp1 levels promote progression into cell cycle, through p53 inhibition (through ROS-dependent activation of the Akt/MDM2 pathway) and NK-κB activity promotion (which, in turn, induces expression of the specific cyclins D1 and E1) [66] . Further, lung cancer cells show an increased Drp1/Mfn-2 ratio, which promotes mitochondrial fission, whereas genetic manipulations restoring mitochondrial elongation reduce cancer cell proliferation and increase their sensitivity to apoptotic stimuli [67] .
In conclusion, Drp1 dysregulation favours cancer cell proliferation by acting on different phases of the cell cycle. Whether this might be true also for other mitochondria-shaping proteins is currently unknown. For example, instead, even if prohibitin downregulation increases Opa-1 degradation in cancer cells and correlates with a reduced cell proliferation [68] , this is presumably only a consequence of an increased apoptosis, similarly to what suggested in prohibitin KO MEFs ( [52] , see Section 2.1 for details).
Mitochondrial dynamics and cell migration
The first study that linked mitochondrial dynamics and cell migration dates back to 2006, when it has been shown a pivotal role for mitochondrial morphology on orchestrating leukocytes migration [69] . Mitochondrial fragmentation promotes and regulates cell chemotaxis, by localizing the organelles at the cell rear-edge to locally "fuel" the cell motor myosin II (see Section 3.2 for details). Based on this work, later on, a crucial role has been attributed to mitochondrial dynamics in modulating metastatization of tumor cells. Cancer cells migrate and invade tissues through a fibroblast-like cell migration, this usually being considered as the main hallmark of metastatization of a tumor. This migration relies on Drp1's activity, too [70] . In invasive breast cancer cells, total levels of Drp1 and its phosphorylated levels on activating residue Ser616 are upregulated, while Mfn-1 is downregulated, compared to non-invasive cells [71] . In this case, mitochondria need to fragment, in a Drp1-dependent way, in order to be transported and accumulate at the cell leading-edge, where they promote local ATP production, essential for lamellipodia formation, cell migration and metastasis formation [71] . The same was shown in non-small cell lung cancer (NSLCC) [72] , in epithelial cancer cells [73] and malignant oncocytic thyroid tumors [70] . Interestingly, also TME-derived hypoxia is able to regulate both glioblastoma and breast cancer cell migration by promoting Drp1 transcription and stimulating mitochondrial fission [74, 75] . In addition, the inhibition of mitochondria transport along the microtubules, obtained by downregulation of the Miro1 dynein motor, also prevents epithelial cancer cell migration [73] . Syntaphilin (SNPH), a protein first discovered in neurons for its ability to dock mitochondria to axon microtubules, similarly suppresses mitochondrial dynamic movements, and therefore cell motility, in tumor cells [76] . Consistent with its role as an onco-suppressor, SNPH is downregulated in several malignancies, such as the epithelial and haematological ones [76] . On the contrary, levels of Miro2, which promotes mitochondria movement along microtubules, are upregulated in the same tumors [76] . Moreover, SNPH downregulation correlates also with poor survival prognosis in colon and lung adenocarcinoma patients [76] . Recently, it has been shown that NF-κB-inducing kinase (NIK) localizes at OMM in both MEFs and cancer cell lines where it interacts with Drp1, by promoting its translocation and activation; this favours fragmented mitochondria redistribution to lamellipodia and sustains high-speed cell migration [77] . Such a role is independent from the downstream mediators of NIK signalling [77] . Therefore, it seems that the metastatic potential of cancer cells often correlates with increased Drp1 or decreased Mfns activities, as shown -respectively, for breast cancer and glioma metastasis [71, 74] , and gastric cancer cells [71] . Drp1-triggered mitochondrial fission modulating cell migration is detected also in Vascular Smooth Muscle Cells (VSMCs) in response to platelet-derived-growthfactor (PDGF) stimulation [78] . Differently from what has been elucidated so far, Caino and colleagues reported that mitochondria accumulation at the leading-edge of migrating glioma cells is Mfn-1-dependent and requires PI3K inhibition to promote focal adhesion turnover and tumor invasiveness. Interestingly, OXPHOS inhibition prevents such mitochondria redistribution, this indicating that ATP production and oxidative metabolism may play an important role during cell migration [79] . Of note, this study may suggest that in cancer cell migration the relative contribution of mitochondrial fission/ fusion equilibrium is highly context-dependent.
Mitochondrial dynamics and cell metabolism
Mitochondrial dynamics are closely linked to cell metabolism. Thinner and elongated mitochondria are often associated with increased OXPHOS activity and sustained ATP production [80] , while a shift toward the glycolytic pathway and the inhibition of TCA cycle associate with fission and more widened cristae structure. Downregulation of Mfns or Opa-1 levels reduces OXPHOS and ATP production in several cell models [81] [82] [83] . In line with this, Opa-1-driven cristae remodelling is strictly required for regulating ATP production upon different cell needs [84] , while Mfn-2 overexpression in myotubes can upregulate the transcription of OXPHOS genes [85] . However, in HeLa cells, prolonged Drp1 downregulation can reduce respiration levels [86] , this suggesting that optimal OXPHOS activity requires a balanced equilibrium in mitochondrial morphology. Very recently, even in induced pluripotent stem cells (iPS), the OXPHOS-to-glycolysis switch has been associated with increased mitochondrial fragmentation due to ERK-dependent Drp1 activation [87] . Not only the modulation of mitochondrial morphology can influence respiration and the bioenergetics of the cell, but also the opposite is true. For example, nutrient withdrawal can promote mitochondrial elongation through either Drp1 inactivation [88] or Mfn-1 stabilization [89] . On the contrary, the nutrient excess in a high-fat diet can reduce Mfn-2 transcription and promote mitochondrial fragmentation [90] .
One of the main physiological modifications that tumor cells undergo is their switch from OXPHOS to glycolysis, a process known as Warburg effect [91, 92] . This metabolic switch, even in conditions of high-oxygen tension, allows tumor cells to sustain their rapid proliferation rate and to better survive under TME hypoxic conditions. Moreover, glycolysis can supply carbon source for anabolic reactions [93] ; lactate, a glycolytic by-product released by tumor cells, can thus be taken up by stromal cells, and converted in pyruvate that is released again in the TME to refuel cancer cells [94] . Mutations in tumor cells affecting mitochondrial respiration, such as in tricarboxylic acid (TCA) cycle enzymes, may reprogram tumor cell metabolism, conferring higher survival and migratory capabilities [95, 96] .
In sum, the glycolytic switch is an important mediator of cancer growth [97, 98] . As previously stated, this switch frequently occurs along with fragmentation of the mitochondrial network [22, 99] . For example, a correlation between mitochondrial fission and glycolysis is observed in Survivin-overexpressing neuroblastoma cells [100] and 3-BrPA-treated urinary bladder cancer cells [101] . Among epithelial ovarian cancer (EOC) cell lines, whilst most ovarian clear cell carcinoma (OVCC) cells show high glycolysis and mitochondrial respiration rate, OVCA420 cells mainly rely on glycolysis, showing a low oxygen consumption rate (OCR), and this correlates with fragmentation of mitochondrial network and increased Drp1 expression [102] . Moreover, increased Drp1 expression in OVCA420 cells impairs HIF-1α upregulation upon hypoxia, thus rendering these cells unable to cope with the stress [102] . Nevertheless, as previously stated, optimal OXPHOS activity has been suggested to play a role in supporting tumor cell invasiveness [79] , thus highlighting the metabolic plasticity of cancer cells in different conditions. Despite the numerous examples here reported, correlating an altered cellular metabolism with a modification of the mitochondrial morphology in cancer cells, it is not clear yet whether modulation of the mitochondrial network in cancer cells is a priming event or just a consequence of the OXPHOS-glycolysis metabolic shift. Further, since most of mitochondrial genes encode ETC complex proteins involved in OXPHOS activity, excessive mtDNA mutational load in cancer cells may favour the OXPHOS-glycolysis switch, thus favouring tumorigenesis [103] . Moreover, there is an association with low mtDNA copy number and poor survival rate in kidney and adrenocortical carcinoma patients, indicating that overall mtDNA amounts can be reduced in tumor masses compared to adjacent normal tissue [104] . Mitochondrial dynamics are essential regulators of the mtDNA copy number and a tight fusion/fission balance must be kept to secure mtDNA integrity. Interconnection of the network helps in maintaining a homogeneous mtDNA population among various mitochondria, as confirmed by Mfns downregulation in muscle cells leading to loss of mtDNA copies and accumulation of point mutation in mtDNA, so driving dysfunction in the organelles [15] . On the other side, accumulation of mutated mtDNA copies into fragmented and dysfunctional organelles could promote their degradation through mitophagy (see below), with subsequent mitochondrial biogenesis to recreate a healthy network. Preventing Drp1-dependent sequestration of damaged organelles impairs mitophagy and leads to accumulation of damaged mitochondria, so decreasing respiration capacity and ATP production [105] .
In conclusion, there is increasing evidence for a complex relationship among the different metabolic requirements of tumor cells within the TME and the shape of their mitochondria. A deeper understanding of the potential impact in modulating the metabolism of tumor cells (ideally by directly affecting mitochondrial dynamics) for controlling tumor growth is of the highest priority.
Mitochondrial dynamics and ROS production in cancer
Reactive Oxygen Species (ROS) are normal by-products of cellular metabolism. Although in particular conditions ROS can even become part of several signalling pathways [106] , their upregulation is frequently harmful to the cells, which have evolved several antioxidant mechanisms to regulate ROS homeostasis (see [107] for a review). Mitochondrial dynamics are physiologically implicated in regulating ROS production. Indeed, the mitochondrial respiratory chain continuously produces physiological levels of ROS, even though these levels can drastically increase upon modifications of the mitochondrial network morphology. ROS increase has been associated with Drp1-dependent mitochondrial fragmentation after ionizing radiation in human fibroblast-like cells [108] and upon genetic overexpression of Drp1; the down-regulation of the same protein, instead, can lead to a drop in mitochondrial ATP production and OXPHOS activity; this, in turn, increases ROS production [22] . Similarly, cells lacking Opa-1 or Mfn-1-2 loose mitochondrial membrane potential (Δψ), reduce their oxygen consumption rate (OCR), and increase ROS production [81, 109] ; by contrast, genetically shifting the mitochondria balance toward elongation decreases ROS amounts in several experimental models [83] .
Finally, accumulated ROS (and reactive nitrogen species, RNS) are able, in turn, to modify either directly or indirectly several mitochondriashaping proteins, thus creating a positive feedback loop [110, 111] .
Accumulation of ROS amounts in tumor cells is a potent driver of initial cancer development. Although a detailed analysis of ROS effects on tumor growth is beyond the scope of this review (see [112] for details), we would like to stress that ROS accumulation could represent a priming signal during the tumor onset, this being the probable cause of mtDNA mutations often found in cancer cells [112, 113] . Elevated ROS can also promote upregulation of several oncogenic signalling pathways, such as Ras/MAPK/ERK, PI3K/Akt and IKK/KF-B, and can favour tumor cell proliferation, apoptosis-resistance and cell migration (see [112] for a review). On the contrary, at later stages of cancer progression, a controlled reduction of ROS amounts in tumor cells promotes tumor growth and metastasis formation, as in melanoma and lung cancer mouse models [114, 115] , this indicating an important correlation between ROS accumulation and cancer stage. Further, the pro-angiogenesis activity of tumor cells becomes crucial for their survival in a microenvironment progressively more hypoxic, for a continuous supply of nutrients and oxygen [116] . The hypoxic TME triggers, also through oxidative stress −as shown in ovarian and prostate cancers [117] [118] [119] , the tumor production of angiogenetic factors such as vascular-endothelial-growth-factor (VEGF), by upregulating hypoxia-inducible factor-1α (HIF-1α) [120] . Interestingly, HIF-1α is able to limit ROS accumulation in tumor cells, thus promoting cancer progression at later stages, by limiting the production of acetyl-CoA (the key molecule entering the TCA cycle) from glycolysis [121] and fattyacid oxidation [122] . Indeed, the activity of TCA cycle enzymes and ETC complexes under hypoxic conditions may lead to uncontrolled ROS accumulation, which is harmful to cancer cells [123] .
In conclusion, mitochondrial dynamics has the potential to tightly modulate ROS production inside the TME thus becoming active players in the tumor onset and development. However, despite a well-documented role of ROS in promoting initial cancer onset, their role during later cancer progression is more controversial.
Mitochondrial dynamics and mitophagy in cancer
Damaged mitochondria can be removed from the cell through a selective autophagy process termed mitophagy. In order to maintain overall mitochondria good quality, organelles with decreased membrane potential and respiratory capability must be isolated from the healthy network [124] , targeted to clearance and, eventually, engulfed by autophagosome for being transported to lysosomes and there lysed.
The Parkin/PINK1 axis mediates mitophagy signalling: in more details, the kinase PINK1 recruits the ubiquitin-E3 ligase Parkin that ubiquitinates several OMM proteins and creates a positive feedback loop with PINK1 and the mitophagic receptors NDP52 and OPTINEURIN. These receptors mediate the engulfment of targeted mitochondria by autophagosome for lysis [125] [126] [127] . Other Parkin/ PINK1-independent pathways can mediate mitophagy alternatively involving NIX/BNIP3, Ambra1, ULK1 or cardiolipin in neurons [128] [129] [130] [131] [132] . Interestingly, among the Parkin targets are Mfn-1-2 and Miro1. Parkin-mediated phosphorylation of Mfns promotes their degradation through the proteasome, inhibiting fusion of damaged organelles with the rest of mitochondrial network [133] ; the inhibitory phosphorylation of the dynein motor Miro1, instead, blocks mitochondrial motility [134] . Thus, mitochondrial fission is strictly linked to mitophagy, also for obvious space limitation reasons, and it is triggered not only by Mfns inactivation. Indeed, the autophagy-inducer and energy-sensor adenosine monophosphate (AMP)-activated protein kinase (AMPK) can directly phosphorylate the Drp1-receptor Mff, thus promoting mitochondrial fission [135] .
Mitophagy is important also in cancer progression. Defective removal of damaged mitochondria could lead to increased ROS amounts with consequent accumulation of mutations in mitochondrial and nuclear DNA, thus favouring cancer onset. Mitophagy has been implicated in the removal of damaged mitochondria containing high levels of ROS [136, 137] and ROS accumulation can promote by itself mitophagy activation, for example through mitochondrial membrane depolarization and Parkin/PINK1 pathway activation [138, 139] , thereby inhibiting initial tumor growth. Indeed, Parkin deficient mice spontaneously develop hepatic tumors [140] , and PINK1 mutations have been described in neuroblastoma [141] . The same is observed in mice deficient for different key proteins of the more general bulk autophagy, such as Beclin 1, Atg5-7 and Ambra1 in heterozygosity [142, 143] . Whilst mitophagy impairment could be beneficial for the tumor onset, at later stages of tumor progression mitophagy could become protective for these cells, presumably protecting tumor cells from excessive mitochondrial damage, ROS accumulation and apoptosis. For example, Drp1-dependent mitophagy is an important pro-survival event in hepatocellular carcinoma (HCC), protecting cancer cells from apoptosis through p53 and NF-κB modulation [144] . Similarly, in K-Ras induced lung cancers, inhibition of mitophagy leads to strong reduction in cell proliferation [145] .
Therefore, considering both mitophagy double role in cancer onset and progression, and the impact of mitochondrial dynamics in regulating this process, further research into the modulation of these morphological dynamics during different phases of cancer might be crucial for therapeutic purposes.
Mitochondrial dynamics as possible therapeutic targets
By summarizing the main aspects of the involvement of mitochondria dynamics in cancer growth, a picture seems to emerge, in which tumor cells are able to modify the shape of mitochondrial network according to their needs at different cancer stages (Fig. 1) . Indeed, mitochondrial fusion can favour tumor cell resistance to apoptosis, while mitochondrial fission has been associated with increased invasiveness and proliferation. Moreover, different requirements regarding cell metabolism, ROS production and mitophagy in cancer progression go along with concomitant modifications of the mitochondrial morphology. Therefore, it is not surprising that specific alterations in mitochondrial dynamics have been found associated with several cancer types, and also with their survival prognosis, thus indicating them as strong candidate targets for future therapeutic approaches.
Imbalance towards fragmentation of the mitochondrial network is often found in several cancer cells [146] . Interestingly, the oncogenic MAPK/ERK pathway, which is a driver of cancer progression in different tumors, is able to upregulate Drp1 activity in different cancers [147, 148] by phosphorylation on serine residue Ser616 [147] . In several human cancers, a poor survival rate is associated with an increased Drp1 level [54, 67, 70, 71, 144, 149] or a decreased Mfn-2 [150, 151] or Mfn-1 amounts [144, 152] , as also confirmed by the emerging Bioinformatics databases displaying the expression levels of different mitochondria-shaping proteins in human tumors (see The Human Atlas Project [153] and Table 1 for details).
Even more interestingly, mitochondrial dynamics seem to be essential mediators of apoptosis-induction by different chemotherapeutic drugs, this heralding the use of their modulation. Indeed, upregulated Drp1 activity is essential for the induction of apoptosis by Benzil isothiocyanate (BITC), Differentiation -Inducing -Factor 3 (DIF-3), Micheliolide (MCL) and CGP37157 [154] [155] [156] [157] .
The main limitation for considering the mitochondrial dynamics as therapeutic targets in human cancer is the poor availability of specific drugs that can selectively affect the activity of mitochondria-shaping Cancer cells alter mitochondrial dynamics to resist apoptosis and adjust their bioenergetic and biosynthetic needs to support tumor initiation and transformation. Aberrant mitochondrial fragmentation through Drp1 hyperactivation (e.g. Drp1 phosphorylation (P) on Ser616 or Drp1 SUMOylation (Su)) is a common theme in cancer, and it triggers cell migration, proliferation or cell death. Manipulation of mitochondrial dynamics through modulation of Mfn-1/2, Opa-1 or Drp1 levels could be a therapeutic strategy to promote mitochondrial fission and to induce cancer cell death.
proteins. The Drp1 inhibitor, mdivi-1, is so far the best-characterized drug that is able to affect mitochondrial dynamics [158] . It impairs Drp1 oligomerization on OMM and its ability to promote GTP hydrolysis [158] . Given the role of Drp1-mediated mitochondrial fission in tumor cell proliferation and metastatization, mdivi-1 has a potential anti-tumor role. Indeed, it can induce proliferation arrest of human breast and lung cancer cells [22, 67] . Impaired assembly of mitotic spindle due to a hyperfused mitochondrial network after mdivi-1 treatment induces aneuploidy and consequent tumor cell apoptosis [22, 159] . Despite the strong resistance to apoptosis often associated with an elongated mitochondrial network induced by mdivi-1 treatment particularly in cardiovascular cells and neurons [160] , in brain tumor initiating cells (BTICs) (where Drp1 levels are upregulated), mdivi-1 treatment induces apoptosis, thus reducing BTICs tumor formation capacity [161] . Similarly, mdivi-1 increases the sensitivity of melanoma, lung cancer and osteosarcoma cells to Tumor Necrosis Factor-related apoptosis-inducer ligand (TRAIL)-induced caspase-dependent apoptosis [162] , even though independently of its inhibitory action on Drp1 [163] . Mdivi-1 can cooperate with cisplatin to induce apoptosis in ovarian cancer cells in a Drp1-independent way [164] , while it can have the opposite effect in invasive breast cancer cell lines [165] . Whether this pro-apoptotic role of mdivi-1 in regulating MOMP opening, and subsequent cytC release, is completely dependent on its inhibitory effect on Dpr1 or to its possible off-targets (such as MOMP assembly itself [166] ) is currently not clarified. Indeed, in a few models, such as neuronal and MEF cell lines, mdivi-1 impinges on ROS levels and ETC complex I without affecting mitochondrial length or Drp1 [167] . Moreover, given the detrimental effect of prolonged alterations in mitochondrial morphology, the possibility to modulate locally and in a definite temporal window mitochondrial fission through mdivi-1 treatment could become a potential promising therapeutical anti-cancer treatment, although some concerns about its in vivo cytotoxicity must be previously resolved (see [160] for a review).
Besides mdivi-1, a recently discovered alternative Drp1 inhibitor, called p110, is able to block the Drp1-Fis1 interaction, thus preventing Drp1 recruitment to mitochondria, mitochondrial fragmentation and ROS production and consequently affecting apoptosis and cell viability. This has been observed for example in neuronal cell models of neurodegenerative diseases [168] . The potential role of this new inhibitor in the treatment of cancer is still unknown.
So far, M1 hydrazone is the only known drug capable to affect profusion mitochondrial shaping proteins [169] . Indeed, it is able to induce mitochondrial elongation and it strictly requires Opa-1 and at least Mfn-1 or Mfn-2 presence [169] . Although shown to prevent cell death Expression levels of Drp1, Fis1, Mff, MiD49, Mfn-1, Mfn-2 and Opa-1 proteins in several cancer tissues according to The Human Atlas Project (http://www.proteinatlas.org). For each protein, the number of cases in which an increase (up) or decrease (down) in the expression level can be observed, compared to the expression in adjacent normal tissue, is reported (relative expression). Unchanged expression has been indicated with the label "-". Expression levels have been divided into four categories (high, medium, low or null) according to: intensity of the antibody staining (strong, moderate, weak, negative), percentage of stained cells (> 75%, 75%-25%, < 25%, rare, negative) and antigen localization (cytoplasmic + membranous + nuclear, cytoplasmic + membranous, nuclear, none).
associated with mitochondrial fragmentation [169] , similarly to p110, its potential role as anti-cancer drug has still to be determined.
Role of mitochondrial dynamics in the immune system and cancer immune-surveillance
Although the weak immunogenicity of most tumor antigens, due to different factors spanning from low antigenicity to the immunomodulation of the TME (see [170] for a review), the activation of the immune response is our most important defence mechanism against cancer growth. Therefore, a complete understanding of the mitochondrial dynamics role in cancer growth cannot ignore the emerging evidence that connects them with different aspects of the immune system activity, in particular T cells. In recent years, new therapeutic approaches targeting the immune system have been studied and developed to inhibit tumor progression.
In the following paragraphs, we will provide an excursus on some of the effects that mitochondrial shape changes might differently have on immune cells and their activity, with particular attention to lymphocytes, in relation to cancer growth.
Mitochondrial dynamics in innate immunity

Inflammation
Stressed or dying tumor cells can release damage-associated molecular pattern (DAMP) molecules after cytotoxic treatments, such as ATP, HMGB1 and even DNA. Innate immune cells, such as dendritic cells (DCs), natural killer T (NKT) cells and macrophages, recognize DAMPs through pattern-recognition-receptors (PRRs) [171, 172] . Once activated, these cells can directly kill the tumor cells in the TME or can migrate toward secondary lymphoid organs, where they activate cytotoxic CD8+ T cells of the adaptive immune response, which later migrate into the tumor mass recalled by local cytokines. Clearly, cancer cells can evade immunogenic cell death by acquiring mutations that affect the release of DAMP molecules or the response to apoptotic stimuli (see [173] for a review). Downstream of PRR and extracellular- A. In innate immunity, Drp1-driven mitochondrial fragmentation is required to promote cytokine production in i) NK T cells downstream of DAMP-RIPK3-PGAM5 axis and in combination with NF-AT nuclear translocation, and ii) microglial cells (MCs) after lipopolysaccharide (LPS) exposure and through ROS-dependent MAPK and NF-κB activation. Downstream of DAMPmediated PRR activation, mitofusin2 acts as a docking site for NLRP3 inflammasome at ER-mitochondria contact sites. Moreover, NRLP3 inflammasome assembly requires mitochondrial ROS production. Last, natural Killer cells produce high levels of mitochondrial ROS from depolarized mitochondria during effector/expansion phase, while during their memory formation BNIP3/BNIP3L-mediated mitophagy removes damaged mitochondria. See text for details. B. In adaptive immunity, mitochondria-shaping proteins are required for i) T cell activation (Drp1-mediated fragmentation is required for calcium buffering at IS and NF-AT and NF-kB activation through ROS production); ii) T cell differentiation (T E mostly rely on fragmented mitochondria and glycolysis, T M have a fused network and increased OXPHOS); iii) T cell migration (after chemokine stimulation, mitochondria accumulate at the cell uropod through microtubule transport and fuel myosin II activity by phosphorylating the subunit myosinlight-chain-2, pMLC2). Tumor infiltrating lymphocytes (TILs) can be differentiated into T M -like cells instead of T E -like, by promoting mitochondrial fusion through mdivi-1 and M1 drugs during in vitro IL2-triggered expansion. These cells show enhanced survival during adoptive cell immunotherapy (ACI). See text for details. Abbreviations not included in the text: TCR: T cell receptor; TLR: Toll-like receptor; PARP: Poly-ADP ribose polymerase; MAPK: mitogen-activated protein kinase; ERK: extracellular signal-regulated kinase; OCR: oxygen consumption rate; SRC: spare respiratory capacity; M1: hydrazone M1.
ATP receptors activation, multimeric protein complexes, called inflammasomes, assemble in the cytosol and promote oligomerization of zymogen pro-caspase-1 and its autoproteolytic cleavage in active caspase-1. This cleaves then pro-IL1β and pro-IL18 in their active pro-inflammatory forms [174] . Interestingly, mitochondria do play a role during the formation of inflammasome. NOD-like receptor containing pyrin domain 3 (NLRP3) inflammasome assembly requires mitochondrial ROS generation [175] and is associated with concurrent mitochondrial depolarization and mtDNA release [176] . It has also been suggested that autophagy/mitophagy inhibition could promote NLRP3 inflammasome activation by inducing mitochondrial dysfunction, which, in turn, increases again ROS production [175] and promoting cardiolipin accumulation on OMM, another signal triggering NLRP3 inflammasome assembly [177] . The active NLRP3 inflammasome clusters thus around ER and mitochondria [175] . That ROS accumulation is strictly required to activate inflammasome is demonstrated by the impairment in inflammasome activation upon antioxidant treatments such as (2R, 4R)-4-aminopyrrolidine-2-4-dicarboxylate (APDC) and N-acetyl-L-cysteine (NAC) [178] . Similarly, antioxidant mitoQ treatment reduces mitochondrial ROS amounts and reduces NLRP3 activation during inflammation [179] . NLRP3 deubiquitination is essential for inflammasome assembly and requires PRRs-derived ROS, while antioxidants can prevent also such regulation [180] .
Together with ROS, also mitochondrial dynamics are implicated in inflammasome activation. Mitofusin-2 is able to interact directly with NLRP3, representing a docking site for inflammasome assembly on mitochondria [181] . Moreover, when PRRs bind viral antigens, they interact with the OMM-tethered mitochondrial adaptor mitochondrial antiviral signalling (MAVS) protein, which induces the activation of specific pro-inflammatory transcription factors, such as NF-κB, which drives NLRP3 gene transcription [182] . MAVS interaction with Mfn-1 and -2 promotes mitochondrial elongation [183] , which in turn favours MAVS association with ER-associated Stimulator of Interferon Genes (STING) protein, an interaction essential for the activation of downstream transcription factors [183] . The inflammasome requirement of mitochondrial elongation has been recently demonstrated also in Drp1-silenced macrophages [184] and is correlated with reduced Opa-1 levels in rat [185] . Additionally, receptor-interacting protein kinase -1 and -3 (RIPK1/3)-dependent and lipopolysaccharide (LPS)-dependent inflammasome activation, and cytokine production upon viral infection, requires Drp1-dependent mitochondrial fission to induce mitochondrial damage and generate ROS [186, 187] . The mitochondrial phosphatase phosphoglycerate mutase 5 (PGAM5) is the mediator of such RIPK-dependent Drp1 activation [188] . Similarly, microglial cells (MCs) in the central nervous system require Drp1-driven mitochondrial fragmentation and ROS signalling for correct cytokine production [189] ( Fig. 2A) .
NK cell activity
Natural killer (NK) cells are innate cytotoxic lymphocytes able to recognize host cells with abnormal MHC molecules expression and to induce their death through classical FasL or GranzymeB pathways. Thus, NK cells are able to recognize tumor cells, controlling in vivo tumor growth [190] . Recently, it has been discovered that NK cells may undergo memory formation with the generation of antigen-specific NK cells, even though −apparently, only during viral infection and not during cancer development [191] . While during their effector/expansion phase NK cells accumulates high amount of ROS, during the contraction-to-memory phase mitochondrial receptor BNIP3-BNIP3L proteins mediate removal of damaged mitochondria through mitophagy, thus reducing ROS amount and so promoting memory formation [192] . Although it has not been directly investigated whether or not mitochondrial dynamics are involved in this process, Drp1-dependent mitochondrial fission has the potential to play an important role in promoting mitochondrial clearance for the different reasons described above (Fig. 2A) . Besides potentially regulating NK memory formation, mitochondrial dynamics are also possibly involved in the cytotoxic activity of these cells against cancer. Indeed, after stimulation, NK cells relocate and accumulate mitochondria at the NK-tumor cell contact-site (NK cell immune synapse) [193] . There, mitochondria control local calcium influx and supply elevated ATP amounts, thus sustaining exocytosis [193] . Due to the established role of the Drp1-dependent mitochondrial fission in controlling the organelles relocalization during the T cell immune synapse formation (see Section 3.2), it is plausible that the same process may act in NK cells, even though this still has to be proven. With this being the case, it would be then interesting to see whether mitochondrial dynamics might regulate also the release of cytotoxic granules by T lymphocytes.
In summary, although few works have, to date, specifically dissected the role of mitochondrial dynamics in modulating the innate immunity response during cancer growth, it is evident that they play an important role in activating inflammation and potentially in regulating NK activity during tumor growth. Therefore, these aspects are extremely promising, considering their crucial impact on the immunological response challenge and on cancer therapy.
Mitochondrial dynamics in T cell function
Cytotoxic CD8
+ T lymphocytes (CTLs) represent the most specific line of defence against tumor growth in the organism. Once activated in secondary lymphoid organs, by tumor antigens presentation from specialised cells, CD8 + cells migrate into the tumor mass, looking for tumor cells to kill. Infiltrating CTLs are known as tumor infiltrating lymphocytes (TILs) and have been associated with better survival outcome in various melanomas and carcinomas [194, 195] . Interestingly, TILs are becoming an interesting target for adoptive cell immunotherapy (ACI) [196] .
Cell activation
An efficient T cell needs to be correctly activated through presentation of its specific antigen; it usually differentiates into different cell subtypes, and consequently has to proliferate in order to achieve the clonal expansion crucial for infection removal. An optimal T cell activation requires Drp1-dependent mitochondrial fragmentation to accumulate mitochondria beneath the TCR clusters on the plasma membrane, during the immune synapse (IS) formation [197] . In addition, Drp1-dependent mitochondria fragmentation is required at the IS for local calcium buffering and for the correct activation of several T cell transcription factors, such as NF-AT and NF-κB, thus driving cytokine production [198] [199] [200] (Fig. 2C) . Once activated, the subtype of effector T cells (T E ) mainly rely on aerobic glycolysis to sustain their rapid proliferation rate [201] ; this is achieved by fragmenting their mitochondrial network [202] . By contrast, memory T cells (T M ) switch towards fatty-acid oxidation to sustain their metabolism and self-renewal, thus increasing their mitochondrial mass and sparing respiratory capacity (SRC) [201] [202] [203] [204] . It has been recently shown that Opa-1 activity is essential to allow the correct formation and survival of T M cells, in which the mitochondrial network is clearly more elongated than in T E cells [202] . Pharmacological modulation of mitochondria-shaping proteins during in vitro T cell expansion, forcing mitochondria towards fusion, leads to the acquisition of a memory-like phenotype and to an increased survival rate, thus rendering T cells more effective in reducing tumor growth during adoptive cell immunotherapy (ACI) (Fig. 2B) .
Cell migration
In line with what happens in fibroblast-like cell migration, highly polarised T cells need to accumulate their mitochondria during cell migration in a subcellular compartment, which -at variance with fibroblasts, is at the cell rear-edge (also known as uropod) [69, 70] . Indeed, fragmentation of the organelles is essential to allow their accumulation at the cell uropod on a microtubules-dependent way. This is needed to locally produce high ATP amounts to fuel the migration process [69] (Fig. 2B) . Consequently, shifting the mitochondria shape balance towards fusion impairs in vitro T cell polarization and migration. This is particularly interesting since in vivo tumor antigen-activated T cells need to extensively migrate to fully exploit their defensive functions. For example, cytotoxic CD8 + T cell migration is required during at least four different steps for an efficient anti-tumor activity: i) extravasation of naïve T cells from the blood towards secondary lymphoid organs, where the tumor antigen can be met; ii) crawling migration inside lymph nodes to be correctly activated and differentiate; iii) extravasation across the blood barrier to join the tumor mass; iv) infiltration inside the tumor mass itself, to find and eliminate target cells. Interestingly, mitochondria accumulation at the T cell uropod during migration is required to locally promote phosphorylation and activation of the myosin-light-chain (MLC), a catalytic subunit of the myosin II [69] ; indeed, it has been shown that myosin-deficient T cells do not correctly undergo extravasation and do not accumulate inside the tumor mass [205] . It would be interesting to further investigate the role of mitochondria-shaping proteins in the T cell function, from a motility viewpoint; of particular interest to us is what happens in the tumor immune-surveillance when mitochondria-shaping proteins are altered in T cell. Do the cells are still able to migrate and to infiltrate the tumor? By contrast, is the unbalance of mitochondrial dynamics much more detrimental for a T cell that needs to differentially extravasate and to correctly perform immune-surveillance? What does happen to the tumor growth if we would alternatively force mitochondria towards fusion or fission? Further studies in this direction would be extremely interesting.
Cell exhaustion
Emerging evidence in recent years show that TME can deeply affect the physiology of infiltrated T cells, thus favouring tumor immune escape. Tumor antigens are weakly immunogenic; T cells that enter TME are downregulated by a complex immunosuppressive environment consisting of cancer cells, inflammatory cells, stromal cells and immunosuppressive Tregs (see [206] for a review). Dysfunctional CD8 + TILs are known as exhausted T cells (T EX ). Accumulation of T EX cells in several tumors, (such as oesophageal cancer, HCC, soft tissue sarcoma, non-small lung cancer, breast cancer and melanoma) has been associated with poor survival outcome in patients (see [206] for a review). Additionally, TME can deeply affect the metabolic balance of T EX cells. Indeed, expression levels of the inhibitory receptors PD-1 and LAG-3 in TILs correlate with decreased mitochondrial mass and glucose uptake [207] . Given the importance of glucose availability to sustain T E glycolysis and effector functions [201] , it becomes obvious that the glucose-limiting environment found in a tumor mass severely affects the anti-tumor immune response and cytokine production [208] , thus favouring an imbalance towards T EX . TME can also lead to chronic Akt activation in TILs, which −in turn, downregulates the expression of PCG1α, the main promoter of mitochondrial biogenesis. Consequently, in these conditions, mitochondrial mass and function are severely impaired and cytokine production is reduced. Indeed, forcing PCG1α expression in isolated TILs restores mitochondrial functionality and reduces tumor growth during ACI [207] . Considering the tight connection existing between mitochondrial metabolism and the shape of the mitochondrial network (see [209] for a review), we could expect an involvement of mitochondrial dynamics in TILs metabolism inside the tumor mass. Of note, it is still unknown whether or not differentiation to an exhausted phenotype in TILs could also affect mitochondrial dynamics, in addition to its well-established role on T EX mitochondrial metabolism [207, 210] . Recently, by a microarray analysis in chronic viral-infected patients fit has been found that exhausted CD8+ T cells show significant downregulation in the expression of several genes associated with mitochondrial OXPHOS metabolism, and upregulation of the oxidative stress pathway. Moreover, Opa-1 levels were found downregulated in that condition, this being probably linked to an altered respiration capacity, and MitoQ antioxidant treatment reduced ROS levels, increased mitochondrial membrane potential and restored cytokine production in T EX cells [211] . This suggests the existence of an interplay between mitochondrial dynamics, metabolism and ROS accumulation during T cell exhaustion that still needs to be investigated and might be crucial in cancer therapy. Indeed, this issue is from our viewpoint of particular interest, considering the possibility and beneficial potential of modulating mitochondrial dynamics in exhausted TILs alone or in combination with pharmacological treatments against T cell inhibitor receptors (such as anti-PD1 or anti-CTLA-4 antibodies, see [212] and [206] for reviews) to better restore T E cell phenotype during ACI.
Cell apoptosis
Recently, it has been demonstrated that in T cells, during Activation-Induced cell death (AICD: a physiological apoptotic process regulating the selection of functional thymocytes and the homeostasis of T lymphocytes in periphery), mitochondria undergo Drp1-dependent fragmentation, depolarization and cristae remodelling [213] . Depolarized mitochondria are targeted for mitophagy but, due to an early block of general autophagy, they are not removed, accumulate in the cell and amplify CytC release, thus priming cell death [213] . Tumor cells in the TME can increase FasL expression, thus promoting AICD in Fas Receptor-expressing cytotoxic T lymphocytes [214] . This tumor cell counterattack may limit the T cell anti-tumor immune response, thereby favouring cancer immune escape. Interestingly, AICD-resistant T cells may survive longer in the TME, showing enhanced effector function and inhibiting tumor growth [215] . The fact that AICD is at least in part regulated by the mitochondrial dynamics-autophagy cross talk, suggest that their manipulation to increase apoptosis resistance in TILs may represent an interesting therapeutic target to enhance an antitumor immune response.
Targeting mitochondrial dynamics to improve the anti-cancer immune response
Mitochondrial dynamics have been shown, in recent years, to be involved in controlling several functions of both adaptive and innate immune response. In sum, remodelling of the mitochondrial network is required for establishing local inflammation through inflammasome activation, for controlling NK cytotoxicity and for activation, migration, differentiation and survival of T lymphocytes. The possibility to isolate immune cells from cancer patients and to cultivate them in vitro would also be a crucial technical achievement to consequently re-shape the mitochondrial network before using these cells in ACI treatments. This could be done also in combination with current therapeutic strategies to improve these cells anti-cancer efficacy. Although no attempts in this direction have been made so far, we may hope to manipulate in the future mitochondrial morphology of isolated and tumor-specific immune cells to confer them higher effector functions, more invasiveness capability or stronger survival in the TME, once inserted back into the patient. However, a full comprehension of the roles played by mitochondrial dynamics in different phases of leukocyte activation is strongly required before proceeding, eventually, with a therapeutic step.
Inflammation is emerging as a potent driver of tumor progression. While during initial cancer onset the activation of inflammation by the immune system can recruit cytotoxic lymphocytes in the TME, thus mediating tumor immune-destruction, chronic inflammation may favour at later stages the development of an immune-suppressive environment, further promoting tumor growth [216] . For example, ROS species generated during lymphocyte activity may increase DNA mutational load in cancer cells and tumor-associated macrophages (TAMs) can produce angiogenic factors, thus recruiting new capillaries inside the tumor mass. TAMs also release IL-10, a cytokine that inhibits T cell cytotoxicity [217] . The possibility of modulating the inflammatory response in the TME by influencing the mitochondrial morphology of innate immune system cells is a possibility still not explored. However, in vivo pharmacological treatments, such as those using mdivi-1, to decrease tumor cells proliferation and apoptosis-resistance may promote, in the meanwhile, further inflammasome activation in the TME, thus favouring tumor survival from another angle. This highlights the difficulties for each single treatment to fight efficiently against cancer growth, given the complex and multiple environment found inside the tumor mass.
As regards the anti-tumor T cell response, forcing mitochondrial fusion during in vitro T cell expansion promotes differentiation of naïve T cells toward a memory phenotype, as recently demonstrated [202] . This can confer a higher survival to these cells during ACI. However, T cell migration strictly depends on optimal fragmentation of the mitochondrial network [69] . This suggests that, once back in the patient, T cells may infiltrate better inside the TME if the mitochondrial network is genetically reprogrammed towards a more fragmented state, for example by chronically altering the expression of mitochondria-shaping proteins. Fragmentation of the network may favour cytotoxicity of infiltrating T cells, similarly to what has been reported for NK cells [193] , even though also this aspect remains a speculation. Nevertheless, constitutive fragmentation of the mitochondrial network may increase TILs susceptibility to AICD [213] . Therefore, although more cells might accumulate in the TME in that context, they could also die faster. In addition, since mitochondrial fragmentation is frequently associated with a glycolytic metabolism, TILs with fragmented mitochondria may suffer from low availability of glucose in the TME. For this reason, reprogramming TILs mitochondria towards a fused state may increase OX-PHOS metabolism, so favouring their survival. Last, nothing is known yet about the modifications that the mitochondrial morphology undergo during T cell exhaustion and whether its modulation might somehow prevent or restore T cell functionality. For example, exhausted T cells show motility paralysis during viral infection [218] and this depends on downregulation of the MAPK/Erk pathway [218] , which is known to positively regulate Drp1 activation [147] . Since Drp1 overexpression promotes T cell migration [69] , could Drp1-dependent fragmentation play a role in T EX migration? Would it be feasible to increase T EX cell motility by altering mitochondrial morphology? In addition, could mitochondrial dynamics represent a potential target to reprogram T cell exhaustion metabolism? All these questions are still interestingly open and unsolved. Given the plasticity of the mitochondrial network remodelling, T cells may adapt the morphology of the organelle according to their needs, once in the TME. This suggests that a one-way modulation of mitochondria-shaping proteins activity could hardly result in successful ACI, and that developing new strategies for fine-tuning T cell mitochondria morphology in the TME should be of the highest priority.
Conclusions
Mitochondrial dynamics and the related mitochondria-shaping proteins tightly regulate several processes required for tumor onset, growth and metastatization. Their alterations are very common in different human cancers and could be used as predictive tools to define specific chemotherapeutic approaches. Indeed, in this new era of personalized medicine, specific pharmacological treatments modulating mitochondrial dynamics are increasingly adopted during cancer therapy and the development of new strategies able to specifically impact on the mitochondrial shape is a high priority in cancer therapy. Various cancers (and even diverse stages of the same cancer) may profit from different states of the mitochondrial network, particularly regarding the response to apoptosis-inducing drugs. Based on data here reported, it is quite evident that no single therapy affecting mitochondrial dynamics can be successful in all cancer treatments, but the identification of specific mitochondrial signatures in patients with different cancers is required in order to adopt the best strategy. The picture is even more complex, given the roles that mitochondrial dynamics play in the innate and adaptive immune system functions. Although this area is still new, the possibility to modulate in vitro mitochondrial dynamics on TILs offers alternative strategies to control tumor growth by helping the immune system to fight against it. On the other hand, it is important to bear in mind that pharmacological treatment to modulate mitochondrial dynamics in tumor cells may indirectly affect the immune response, or vice versa. Therefore, the development of new strategies that can efficiently hit the tumor twice, acting both on tumor cells and on immune-surveillance, is becoming even more urgent.
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